The Schroeder's backward integration method and its applications have been widely studied in the literature; some papers analyze the performance of the method, some others suggest various enhancement techniques. In spite of these findings, there exist several cases where the energy decay curve extracted using the classical backward integration method and the parameters computed from it seem not always representative of the phenomenon under study. Among them, the cases where the early decay is dependent on strong, distinct reflections occurring just after the direct wave, as in most Italian opera houses. Other cases are measured impulse responses with a very low signal-tonoise ratio or missing the direct wave. In the literature, alternatives to the Schroeder's method have been proposed, ranging from Hilbert transform to non-linear processing techniques. In this work a method for the extraction of the envelope based on pre-processed energy detection for early decay estimation is proposed. It is shown that it returns an envelope well matching the first part of the decay even in non-linear cases, returning detailed information on the first part of the decay. The performance of the proposed method is presented and discussed for some exemplary impulse responses measured in historical opera houses. A preliminary study on the perceptive relevance of the method is finally presented.
I. INTRODUCTION
It is well known that in a music hall the early sound reflections are strongly related to the perceived sense of reverberation, which in turn is more related to the early decay time (EDT) than to classical reverberation time (RT), e.g., estimated through T 20 and T 30 .
1-6 Unfortunately, the evaluation of EDT from measured impulse responses is more critical than that of RT, due to the most pronounced fluctuations of the decay curve calculated from the impulse response in the first 5 dB of decay. If the sound level decay is linear, the EDT and RT values are almost identical, but when the decay is non-linear the EDT and RT may have values differing more than the just noticeable difference (JND). 4, 5 Given an impulse response, the standard method for the calculation of the reverberation time leads to EDT and RT values closely related to each other as they are derived from the energy decay curve, which accumulates energy from the tail to the beginning of the impulse response (IR). 4 Non-linear decays are typical of rooms with strong direct sound and/or early reflections, 4, 7 e.g., Italian opera houses. [8] [9] [10] In these situations, the standard methods for calculating the reverberation time from a decay curve extracted from the impulse response is critical because the late part of the decay affects the evaluation of the slope on the very first part, which is the only one taken into account in the definition of EDT. 3 In order to highlight this peculiarity a different method may be required; it should be robust and independent from statistical assumptions on the first part of the impulse response.
Therefore, it is worth briefly revising the standard methods for calculating the reverberation time in order to clearly identify their points of strength and weakness.
In the following, the authors will refer to energy decay curve (EDC) to represent the Schroeder integral built on the IR; envelope (ENV) to describe a curve tangent to the local maxima of a squared IR. Decay curve indicates a generic curve built on the squared impulse response which represents the decay versus time (ENV and EDC are both included in this definition).
The original method to extract the reverberation time is the interrupted noise method; 5 the sound level decay curve is recorded after switching off an artificial sound source emitting a stationary noise. In order to attenuate the random fluctuations of the single decays, it is necessary to average a large number of decays. Schroeder demonstrated the equivalence between the sound level decay of an impulse response and the average of a large number of decays of an interrupted stationary noise when his backward integration method is used to extract the decay curve from the impulse response. 11, 12 Other authors proposed some improvements of the Schroeder's method to minimize the detection error of the decay curve. [13] [14] [15] [16] A recent review of these methods has been done by Guski and Vorl€ ander. 17 Other ways to extract the decay curve are based on neural networks, [18] [19] [20] segmentation procedures 21 or blind approaches. [22] [23] [24] Satoh et al. 25 proposed a method to extract the reverberation time based on the envelope instead of the decay curve. Recently a comparison between envelope and a) Electronic mail: massimo.garai@unibo.it backward integration has been discussed by Luizard and Katz. 26 Meissner 27 used the Hilbert transform to extract the envelope from the single frequency excited response.
The accuracy of the decay curves extracted from measurements has been discussed comparing different theoretical approaches and measurements. 16, [28] [29] [30] [31] Starting from the energy decay curve, the reverberation time can be derived either from a linear fitting or using multi-order based methods. 15, [32] [33] [34] The aim of this work is to propose a decay curve that provides a well-suited description of the first part of the IR, independently from statistical assumptions. In fact the Schroeder's method assumes a Gaussian distribution of the power spectra, 11 but this is not always true in the very first part of the impulse response, where distinct early reflections may exist. The statistical properties of the impulse response have been generalized by different authors studying their Gaussian properties in the time domain [35] [36] [37] and in the timefrequency domain. 38 On the other hand, an alternative proposed in the literature is the construction of the envelope, which is not constrained by any assumption. [25] [26] [27] Its main drawback is that the envelope is not equivalent to the ensemble average of a large number of decay curves as the Schroeder's integral is.
For these reasons the envelope based method proposed here constructs the decay curve from the IR borrowing the idea of energy detection, already used in the 50's as a demodulator. This decay curve could then be studied using non-linear Bayesian techniques, 15, [32] [33] [34] but in the present work it is fit with a linear regression in order to permit an effective comparison between the proposed method and the Schroeder's backward integration method.
The extraction of the decay rates from the envelope in general will return different values than those extracted from the energy decay curve, but on the other hand it is more sensitive to the actual distribution of the sound energy in the initial stage of the decay. Therefore, the envelope-based method might provide additional useful information on the first part of the decay.
The paper is organized as follows: in Sec. II an insight into the extraction techniques of the reverberation time is presented; in Sec. III the pre-processed energy detection method is described (the pseudocode of the algorithm is given in Appendix A); in Sec. IV the proposed method is tested against the most accredited literature method. The perceptive relevance of the proposed method is preliminary studied and the results are presented in Appendix B. Finally, the motivations, the results and the open questions are discussed in the conclusions.
II. EXTRACTION OF THE REVERBERATION TIME
Using a time-based representation dating back to Sabine, 39 the envelope of the late part of the decay is usually modeled using an exponentially decreasing function with a single time constant related to the reverberation time. This is acceptable only for the part of the decay after the mixing time 37 and only if the sound absorption coefficient is uniform in space. 40 Before the mixing time, the decay is multi-modal due to the contribution of single reflections. If the sound absorption is not uniform in the different directions of propagation, the decay after the first 5 dB may also have different time constants. 40 Therefore, the evaluation of the reverberation time may be generalized as a fitting problem of a multi-modal decay. 41 Then the reverberation time is obtained from the decay rate of the decay curve of the squared impulse response. The problem, formulated as a least squares fitting, may be written as follows:
where y(t) is the dB-scaled decay curve of the squared impulse response and k 1 ,…, k n are the n parameters of the optimal fitting function x. Actually, this formulation includes two different problems:
(1) The determination of the decay curve of the squared impulse response, y(t); (2) The determination of the best fit to this curve, x(t).
The decay curve y(t) may be extracted in different ways. 
where T is the width of the moving integration window. The choice of the interval of integration in Eq. (3) has been discussed in the literature in order to properly take into account the noise floor, 14, 16, 41 to exclude early reflections and more generally to optimize the envelope extraction technique.
All the methods mentioned above rely on the Schroeder's integral, Eq. (2). To highlight its peculiarities, the method, in its basic form, can also be written as 42 y EDC;sch ðtÞ ¼
Toward the end of the decay curve (t ! t u ), the second integral has a value comparable to the first one. Near the beginning of the decay curve (t ! 0) the second integral has a negligible value compared to the first one, so that the decay function y(t) is determined mainly by the first integral. In other words, the slope of the very first dB of the decay is determined by the energy accumulated in the subsequent part of the decay by the first integral. The effect of the fluctuations in the very first part of the decay is taken into account only through the second integral, which may have a small value when t ! 0. Thus the Schroeder's method is less sensitive in the very first part of the decay when strong early reflections exist. In addition to this, as seen in Sec. I, the Schroeder's hypothesis regarding the Gaussian distribution of the power spectra 43 is not verified for the first part of the IR.
The decay curve could alternatively be calculated as an envelope, for example, using the Hilbert transform: 41, 44 the impulse response h(t) is converted into an analytic signal so that h(t) is its real part and its imaginary part is the Hilbert transform of h(t). In the literature the feasibility of the Hilbert transform method has been shown only for minimum-phase signals, but the acoustic impulse response of a room in general is not minimum-phase, 41 ,44 as a consequence the Hilbert transform may not return a correct envelope in real-life cases. Kumaresan and Rao 45 showed that in case of a single frequency excitation the minimumphase condition is verified; the infrequent applications of Hilbert transform-based methods for calculating the reverberation time may be related to this need of a single frequency excitation of the sound field. 27 Once the decay curve y(t) is determined, its fitting function x(t) in Eq. (1) must be calculated. It may depend on two or more parameters k i . In the first order approach, the function x may be written as
where k 2 is the slope of the linear curve and k 1 is related to the arrival time of the direct field. Second order-based approaches have been suggested by Xiang, 15 who proposed an alternative fitting method using a non-linear iterative regression for evaluating the reverberation time from the energy decay curve. 34 they demonstrated that a model-based analysis using Bayesian probability theory is well-suited for the determination of the decay times from multi-decay rates measurements. These multi-order approaches are generally applied to coupled spaces, where the multiple slopes in the decay curve occur well after the mixing time. In fact, in the Bayesian analysis, all the data are taken from the normalized Schroeder's decay function starting from -5 dB. 33 The literature cited so far does not deal specifically with the first 5 dB of the decay, both for what concerns the extraction of the decay curve y(t) and the evaluation of the decay rate of x(t). In fact none of the above mentioned methods is specifically tailored to accurately represent the first part of the decay, say from 0 to À5 dB, which is essential for the determination of the EDT.
III. THE PRE-PROCESSED ENERGY DETECTION METHOD (PPED)
In the light of the preceding discussion, the aim of the present work is to investigate an alternative method to calculate the envelope function y ENV (t) [Eq. (1)] that can be fully representative of the first part of the decay of the squared IR.
The energy detection was already in use in the 50's as a demodulator. The original energy detection is based on a rectifier followed by a post detection low-pass filter. 46 In this work a modified energy detection algorithm is used. A suitable filter select only the lower components of the squared spectrum. A tuning of the filter permits an adequate extraction of the envelope. From this point of view, the energy detection method may be associated to the moving integration used in Eq. (3), where the center frequency of the filter is related to the width of the integration window. Both methods present some critical issues: in the method developed by Lundeby et al. 16 the optimal window width cannot be determined in advance and has to be found by iteration; in the original energy detection method, the cutoff frequency of the post detection filter cannot be determined in advance.
In the present work, a iterative pre-processing has been developed to improve the accuracy of the energy detection method (see Fig. 1) . 47, 48 The improved method is composed of three main steps (see the pseudocode in the Appendix A for details):
(1) The squared impulse response is pre-processed; (2) The data from step 1 are filtered with a high-slope lowpass filter; (3) The maxima of the data from step 2 are selected; (4) The data from step 3 are fitted with a monotone piecewise cubic interpolation.
A. Pre-processing
The pre-processing (SHARPENING in the pseudocode) is an iterative algorithm that compares two by two the samples of the squared IR from the end to the beginning. At the first iteration the processed data correspond to the original squared IR. For the subsequent iterations, the processed data correspond to the output of the previous iteration. At each step the amplitude of each sample is compared with the one of the nearest sample and then the sample with the smaller amplitude value takes the value of the greater one (see Fig. 1 ). Considering only this step the number of iterations could not be fixed because it would be strictly dependent on the nature of the signal under test. However considering the whole PPED method it is possible to fix the number of iterations thanks to an accurate tuning of the post-detection filter (see step 2) that, combined with this pre-processing, eliminates any potential ambiguity. Testing the entire method on many room impulse responses (RIRs) measured with Fs ¼ 48 000 Hz, it was found that a number of exactly ten iterations can be fixed a priori and never changed.
B. Post-detection filter
It is implemented, like the energy detection filter, as a high-slope low-pass filter. A relevant feature is the cut-off frequency of the filter. It was found that the correct cut-off frequency depends on the center of the frequency band of interest (Fc); thus for each octave band or onethird octave band the cut-off frequency of the post detection filter is different. As well as the number of iterations, also the shape of the filter seems to be dependent on the statistical characteristics of the signal. 46 The shape of this filter is a modified Blackmann Harris window: it is designed as a flat window (rectangular window) from 0 to Fc Hertz followed by a single side Blackmann Harris window centered at Fc and of width Fc (DESIGNFILTER in the pseudocode).
C. Selection of maxima
The maxima are selected imposing the monotonicity: from the end to the beginning of the data vector, the maxima are selected only if their amplitude is greater than the amplitude of the previous one (SELMAX in the pseudocode). To avoid inaccuracy in particular cases (two consecutive and very different local slopes of the envelope could lead to an incorrect estimate of a global reverberation time), the slope between two consecutive maxima related to the two closest couples of maxima (to left and to right) is also verified. In this way for each comparison three consecutive maxima are considered. If the two slopes are very different, the center point of the three is eliminated from the previous set of selected points.
D. Cubic interpolation
To obtain a good evaluation of the reverberation time through a linear fitting performed over the decay curve, the latter should be a decreasing function. In 1980 Fritsch and Carlson 49 proposed an algorithm performing a monotone piecewise cubic interpolation, which in the present work is applied to the entire sound level decay. In this step (CUBICPIECEHERMITE in the pseudocode) the maxima selected in step 3 become the knots of a piecewise cubic Hermite interpolation. In this way it is possible to impose the decreasing monotonicity not only at the knots (see Sec. III C) but also between two consecutive maxima. Because of the fact that the interpolation domain is the whole processed squared IR, this step returns an interpolation curve that describes the behavior of the squared IR globally as a function of time. If the samples of the measured IR are spaced T ( ¼ 1/Fs) seconds, also the points of the interpolation curve are spaced T seconds. In this way the method returns a monotonically decreasing curve with the same temporal definition of the measured IR (as the Schroeder integral does).
In Fig. 2 the steps are applied consecutively to a test impulse response and the intermediate results are graphically shown.
Two relevant features of the PPED method emerge from the description above. The first is that this method does not need a preliminary estimation of the background noise. The second is that it returns a very detailed decay curve, sensitive to each variation of the squared IR decay. This is a consequence of the fact that the method returns a "locally" defined decay curve.
IV. EXPERIMENTAL RESULTS
Different benchmarks have been proposed to test different methods for the extraction of the reverberation time. Some of them are composed by test signals synthesized using an exponentially decreasing shaped white noise, others by impulse responses measured in real rooms. It is well known that a real impulse response may be split into two regions: the early reflections, in which the acoustic field may be assumed deterministic and multi-modal, and the late reverberation, in which the acoustic field may be assumed Gaussian and mono-modal. The two regions have a temporal split point, the mixing time, that in real IRs corresponds to a point in the decay curve located above the À5 dB point. In case of synthesized IRs 51 this point is located at the 0 dB point of the decay (the mixing time corresponds to the flight time) and therefore the synthesized IRs are not useful to appreciate the differences between EDT and RT. Thus, in order to evaluate the performance of the PPED method, only measured IRs displaying typically occurring decays were used.
From the octave band filtered IR, the decay curve has been extracted with two different methods:
(1) The compensated Schroeder's method in the version presented by Guski and Vorl€ ander 17 (method E: truncation, correction and subtraction), using the MATLAB ITAToolbox 52 ); (2) The pre-processed energy detection method (PPED).
A linear fitting was performed on the decay curves extracted with the two method in order to calculate three acoustic criteria according to ISO 3382-1: 5 EDT, T 15 , and T 30 . Though these criteria were originally defined over the energy decay curve, in the following they are calculated also over the envelope. This is somehow an extrapolation of the current definition of EDT, but it is the most effective way to permit a direct comparison between the two decay curves.
A. Test on a linear decay
Considering a IR with a theoretical exponential energy decay (linear when dB-scaled), it is expected that the two methods return similar results. In this work, a measured IR was chosen that displays an almost linear dB-scaled decay in order to get closer to this ideal case. It has been measured inside the Bayreuther Festspielhaus. Figure 3 shows the two decay curves at 125 and 1000 Hz: for this IR, displaying a linear decay, the two methods give similar decay curves, even if the PPED method returns a more detailed curve. In Table I the EDT, T 15 and T 30 calculated over the IR shown in Fig. 3 with the Schroeder's compensated method 17 are compared with the ones extracted with the PPED method.
The ratio between the difference of the values calculated with the two methods and the mean of the same values-for the sake of brevity called DR [Eq. (6)]-is also shown.
As shown in Table I the DR values for T 30 are smaller than the JND.
The EDT concerns the first part of the decay curve, corresponding for about half of the fitted range to the early reflections. The T 15 and T 30 describe the part of the decay curve in which the acoustic field is diffuse. With the Schroeder's method, the different parts of the decay curve depend on each other, being all of them derived from a cumulative energy decay curve computed from the tail to the beginning of the impulse response [Eq. (4) and related comments in Sec. II]. In this way, the EDT values are related to the late part of the decay. 4 The local nature of the PPED method allows an independent definition of the different parts of the decay curve. In particular, the ability of the proposed method to identify the envelope of the early reflections permits to get a value of EDT representative of these reflections only, avoiding the influence of the late part of the decay. For the T 15 and the T 30 , mainly depending on a diffuse sound field condition, the decays extracted with the PPED method and the Schroeder's one may be assumed to be similar. If the useful decay range is not critical, it is expected that, decreasing the decay range of evaluation, the differences between the two methods increase. This is due to the fact that the PPED method returns an envelope which effectively describes the first part of the decay, independently from the latter part of it. Thus, reducing the evaluation range, the first part of the decay assumes a greater relative weight on the decay rate and the two methods return RT values that differ increasingly, as confirmed by the results shown in Table I and in Fig. 5 .
B. Test on other common decay types
The comparison of the compensated Schroeder's method 17, 52 and the PPED method was further extended to different types of impulse responses.
In particular three IRs have been selected where the effect of early reflections returns different types of decay 4 in specific octave bands: the cliff-type decay, the plateau-type decay and the sagging decay. The same decays were identified by Hak et al. 7 in a different context. The first is a typical IR measured in a Italian opera house, the Alighieri theatre in Ravenna (Italy), having strong and distinct early reflections.
For the plateau-type, an IR measured in the Bayreuther Festspielhaus with the source positioned in the orchestra pit was selected: it is a typical case where the early reflections are very weak or absent. Also the third IR (sagging decay) was measured in a Italian opera house, the Bonci theatre in Cesena (Italy); although this kind of decay is not typical of these theatres, it can occur for particular source-receiver combinations. Figure 6 shows the three selected IRs and the decay curves extracted with the compensated Schroeder's method (dotted line) and with the PPED method (solid line). Table II reports the respective values of EDT.
Very different EDT values are obtained. As expected, the PPED method is very sensitive to early reflections and gives EDT values closely matching the very first part of the IR, as shown in Fig. 6 . The fact that the envelope is "locally" defined implies that, relatively to the Schroeder's method, the new method returns greater EDT values in the case of plateau-type decay and smaller in the other cases. The differences between the two aforementioned methods are more evident in case of the cliff-type decay, where a very abrupt change in slope occurs in the first part of the decay.
V. LISTENING TESTS
In order to verify the subjective relevance of the PPED method, i.e., its ability to return EDT values closely correlated with the perceived reverberance, a listening test was performed in the Acoustic Laboratory of the University of Bologna (see Appendix B). The format chosen to spot the difference between the EDT calculated with the Schroeder integral and with the PPED method is a one-sided pairwise comparison test according to ISO 5495. 53 Six couples of stimuli were presented to 74 assessors in listening room compliant with ITU-R BS 1116-1. 56 Five out of six stimuli gave a correct response, thus these preliminary results show that with a significance level of 5% it is possible to declare that the difference between the EDT values detected by the PPED method exists.
See Appendix B for details.
VI. CONCLUSIONS
Starting from the analysis of the previous literature concerning the methods for the evaluation of the energy decay curve or the envelope of an impulse response, a new extraction method, the pre-processed energy detection (PPED), has been proposed and implemented in a MATLAB toolbox. Its performance has been systematically tested versus the most accredited literature method: the Schroeder's backward integration method with noise subtraction, truncation and correction. 17 The PPED method includes four steps. It extracts an envelope "locally matched" to the given impulse response which is different from the Schroeder's energy decay curve (compensated or not). While the energy decay curve represents a sort of energy average of the impulse response, the envelope is a curve tangent to the local maxima of the squared impulse response. Thus the decay rates (EDT, RT) extracted from the envelope are representative only of the decay range being evaluated. In the statistical part of the decay (the late part), the envelope and the energy decay curve seem very close to each other. In the deterministic part of the decay curve (the early part), the differences are more relevant. This can be related to the fact that the crest factor of the first part of the impulse response is not constant.
In case of linear decays, both methods provide a wellfitted description of the IR decay. But in other cases, differences between the two resulting decay curves can be found. In particular, when the early reflections are clearly distinguishable, like in Italian opera houses, or when they are nearly absent, like in the Bayreuther Festspielhaus when the sound source is inside the orchestra pit, there are remarkable differences between the EDT values calculated with the two methods. The proposed version of the energy detection method becomes relevant for the analysis of impulse responses with marked early reflections, where the detection of the different initial slope of the decay curve permits an evaluation of the early decay closely matching the local behavior of the IR. Listening tests have been performed in order to evaluate the perceptive relevance of the EDT calculated with the PPED method. The preliminary results showed that with a significance level of 5% the difference between the EDT extracted with the PPED method and with the Schroeder integral was correctly detected for five stimuli out of six. 
APPENDIX B: PRELIMINARY RESULTS OF LISTENING TESTS
In order to verify the effectiveness of the PPED method, i.e., its ability to return EDT values closely correlated with the perceived reverberance, a listening test was performed in the Acoustic Laboratory of the University of Bologna. The format chosen to spot the difference between the EDT calculated with the Schroeder integral and with the PPED method is a one-sided pairwise comparison test. 53 
A. Setting
The stimuli presented to the participants consisted of measured impulse responses convolved with two short anechoic recordings: (1) Clarinet solo from Mozart's opera Don Giovanni, 15 s duration (MOcla); (2) Clarinet solo from Bruckner's Symphony no.8, II movement, 12 s duration (BRcla).
These two anechoic motifs were chosen in the set recorded at Aalto University 54 considering their spectral characteristics and their s e value. In particular, the constraints that were considered are (1) Short s e value. 55 (2) Energy mainly concentrated in one octave band, in order to correlate directly the calculated values of EDT to the perceived reverberation in the correspondent octave band.
The first anechoic recording (MOcla) presents most part of its energy in the octave band of 500 Hz, while the energy of the second anechoic recording (BRcla) is concentrated in the octave band of 1000 Hz.
The impulse responses were measured in two Italian opera houses: the Masini Theatre in Faenza and the Goldoni Theatre in Bagnacavallo. Six couples of impulse responses (IR a , IR b ) have been selected using these constraints relative to the target octave band: The values of T 30 and EDT were considered equal when the JND thresholds (5%) were not exceeded. In Table III all the values are shown.
As previously explained, the IRs couples 1-2, 3-4, and 5-6 have been convolved with the first anechoic recording (MOcla), while the other three couples 7-8, 9-10, and 11-12 with the second anechoic recording (BRcla).
B. Participants
The type I error (a) and the type II error (b) were fixed at 0.05 and the percentage of assessors detecting the difference p d at 40% For these parameters ISO 5495 53 recommended a minimum number of assessors of 67. The authors recruited 74 assessors. They were 43 males and 31 females, aged 16 to 56, the mean age being 32. None of them ever participated to sensory tests. Their attitude toward music and audio quality, self-rated on a five-point scale, shows that a comparable percentage of assessors located at level 4 or 5 (high or very high) and 1 or 2 (absent or poor). Five of them are professional musicians and the other have a moderate confidence with music. Two assessors declared to have hearing impairments: they were not considered in the final results.
C. Procedure
Stimuli were presented in a listening room compliant with ITU-R BS 1116 56 and having a measured reverberation time of 0.2 s in the 1 kHz octave band. Preliminarily, a training session was proposed to the assessors. The three trials were ordered by increasing difficulty in telling the attribute; the first two motifs had very different reverberation time, while the third couple respected the same constraints of the test. At each assessor six couples of stimuli were proposed and for each couple it was asked: Which of the two stimuli 
D. Results
In this section, correct response corresponds to the case when the assessor declares to perceive a greater reverberance for the motif with greater EDT value calculated with the PPED method (EDT values calculated with the Schroeder integral were equal).
Considering the total amount of responses, the test returns 74% of correct responses that is to compare with the minimum percentage of 61% of correct responses required to conclude that a perceptible difference exists. 53 Considering each stimulus separately, the number of correct responses (among a total of 72 assessors) are shown in Table IV . Figure 7 shows the confidence interval separately for each stimulus. Both of them show that five out of six stimuli passed the test.
Thus, these preliminary results show that with a significance level of 5% it is possible to declare that the difference between the EDT values detected by the PPED method exists.
